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A Higgs-Like Boson Discovered!

e July 4", simultaneous, independent announcement
of discovery by ATLAS and CMS

e Observed ~5 o significance

e Produced in gluon and B aTaTalaTad t
vector boson fusion JJUUN H

e Decays to pairs of: t
- Photons, W bosons, Z bosons
e Definitely know: g AN t

e Couples (directly) to W and Z

e Is a boson, not spin 1.

e Reasonable questions:
e Couplings to fermions? Seems reasonable, but need to see directly
e Spin and parity?

e Other new particles within reach? )



Overview

* Why we thought it was there
* How we looked
* What we saw

* What we might see soon




Motivation

COF Il preliminary I Ldt=231h"

« Gauge invariance suggests massless W

‘;"’- 4500§ “‘LL and Z bosons
L 4000 i ; - data
f,,’ BOE-  auen)s ,H' e « W, Z observed to be massive
E 2:2:_ h « In SM, W&Z observable masses arise via
£ 2000 M(Z)[JJV / electroweak symmetry breaking
it 1322_ # o Ground breaking work on EWSB:
i I 7# e « F. Englert, R. Brout,
% 75 80 85 90
_ PRL 13 (9): 321-323.

. « P.W. Higgs,
% b _ PRL 13 (16): 508-5009.
g I « G.S. Guralnik, C.R. Hagen,
S ol T.W.B. Kibble,
‘3 I - PRL 13 (20): 585-587.
:’j a0 ‘:";::“d;:;”,.";’;’“ « Proposed mechanism of EWSB predicts

B an additional observable scalar particle.

— e Observable at the Tevatron?

m,(uv) (GeV/c?)



Experimental Status (June)

« Resulting boson mass is
unpredicted by theory H

« Mass determines production
t p VU \

and decay rates (next slide)

 Indirect constraints (MW, Mtop) prefer a
SM Higgs Boson with MH below 158 GeV % £\

« CDF&DO 2012 W mass!

o Pre-Discovery Direct Searches:
95% CL Exclusions of MH in SM:

« LEP: Exclude MH <114 GeVv
_ arXiv:0602042v1
 Tevatron: % '
O 80.4 -
=
=

80 5 March 2012
. 1 1 1 I
[JLHC excluded

| —LEP2 and Tevatron
{ = LEP1 and SLD
8% CL

Exclude MH in [156,177] GeV
_arXiv:1107.5518

« LHC:
Exclude MH <115, or [~127, 600] GeV

_arXiv:1202.1408 (ATLAS) 503
_arXiv:1202.1488 (CMS)

------




SM Higgs Boson Production in pp Collisions

WH
Direct

Associated ©® L Producti
Production 100 140 140 160 r:]jo(Gewc;OU roauction ,

1 T . =

Cross section (pb)

Excluded b;/E/

Branching ratio

0.1

Most Sensitiv{’e
for MH > 135

Most Sensitive&
FOI‘ MH < 135" 102

q 2 -

Zy

100 140 160
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Decay Modes of the SM Higgs Boson

* Mostly Higgs decays at m«=125GeV
bottom
quarks! s
 QCD bb >8 orders- 6%
of-magnitude higher o 3%
at hadron colliders 12
 Photon and lepton 3%
backgrounds better . \oﬂm
controlled 1%

* bb 1s a dirty job,
but someone has to do it

* Need most of these decays to be
confident 1ts really a SM Higgs boson! ~
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The Tevatron compared to SLLC




The Tevatron, Batavia IL, USA

e Superconducting storage ring

e 1 km radius, 1 beam-pipe
o Collisions 1985-2011
e Run II: Mar 2001-Sept 2011

« Produced pp collisions at 1.96 TeV

e 36x36 bunches
« ~E10-E11 particles per bunch
o ~21us per revolution

e ~1.5 MJ beam energy

- Compare to ~200 kJ for HER
- Compare to ~400 MJ for LHC
« Not like a lepton collider:

e Quark, gluon scattering

e PDFs means << 2 TeV
goes into hard scatter 9




Detectors at The Tevatron

 The Tevatron's collisions were recorded by two
general purpose experiments: CDF and DO

+Ho

Images Maps Yo

oogle

| < Previous. > Next Highlight all | | Match case




The Collider Detector at Fermilab

- -‘*"—_._______‘-‘ :

it -
Silicon tracking |n|<2-2.5

Drift cell tracker
1.4 Tesla field, [n|<1.1

Calorimeter:
Pb/Fe+Plastic Scintillator
In|<3.2

Muon chambers: [n|<L.5 ~4500 Tons (Central)

Jet Energy Scale Uncertainty ~400 Tons (Muon Walls)
(High-ET): 2-3% ~800 Tons (End Toroids) 11




Candidate Associated Production
Events in Data at CDF

e P &
' 4t
/| /
I i .
k .
! P -
S ) W TN S
5 | Vi,
3 gt

MiSSing 7ZH—vvbb

Energy (MET) 12



Data Taking Conditions

e The Tevatron bunch crossing rate

I
was ~2.5 MHz £ Total inelasti
510-2 ofal inelastic
e Full readout saturated at ~100 Hz z )
5 -m
* Rates at L=1e32 cm™s™': 510" bb L
0
o Jets (ET>40 GeV): ~300 Hz G, b
+ Wi~3 I:IZ 10—8 W 4000
o Top Pair: ~25/hour - ; 400
« SM Higgs ~10/week: 10" _
. . tt
o Triggers designed to select events ol | ®
on the fly, with varying .,
degrees of reconstruction 1" Higgs (ZH + WH)
* keep most signal-like events, discard others 10_16'&’

: 100 120 140 160 180 200
o Mixture of custom hardware Higigs mass (GeV)/c2

and commodity PCs 13



Data Taking Conditions

—_

E " Total inelastic
Avoid this ;¥
]Ba,Cl(grO‘Llrl(l\> 4 L bb i
T, "
? L 4000
Prefer These§:0 rnb 7 400
1" _
1
10" Higgs (ZH + WH)
_16-fb
10

100 120 140 160 180 200
Higgs mass (GeV)/c2

14



Trigger Efficiencies

e Data taking bandwith v

budgets dictate

be set near or
above kinematic
peak.

e Lost signal!

e I'll tell you
later how we got
some of it back!

COF Runll Preliminary

] MﬂTMHﬂHH ]H |
MET trigger thresholds™ ™" | f |-
Missing Transverse
Energy (GeV)
== am AN kAT
50 100 150 200 250 300 350 400 450 1 5

E; (GeV)



The Tevatron Runll Datasets

o Full results presented here

. 11/fb on tape Tevatron Run II, pp \s=1.96 TeV
« ~10/fb good for analysis 3105; _____________________________________________________________________ W Theory
. Typical #vertices/event 1-3 L _w .................................................................. ot i
- Candidates in 10/tb: o e R————————
« BOs—Jiyp:  ~10K-20k o F
- ttoe/pt>=1b-jet: ~2000 G, = Tg
« Z—ee/pp : ~600K § 102 w § wz s
) Lo e wz Single
30 Gew ohoons  ooM. B b Wy
. ZZ—41: ~10 g0l Y
o tt+y—y+ltjets: ~50 102

W 2T W, 2 W Wot 2% 1 g,

16



From Events to Statements About Signal

e Collect data events

4 ,'/;ﬁ\\ff’: ;
. . :oq .. Experiments |
Reconstruct their properties e .
» Select signal-like candidates i -
e Select control samples Z o

e Simulate the background
and signal components

wwwwwww

o Estimate uncertainties

1

 Sift events according to
signal significance

e Multivariate discriminants :
e Make a statement about ="}
1thils 1 ﬂi"“""‘!‘u‘unm - i §
compatibility w/ 1 e W Systematic
background or s+b S EEUUES il Uncertainties

T Variables =SSSr
hYPOtheseS — W o 17

05 0.8 07 04 (o] 1
BNN output (MH = 115 GeVic?)



Identify regions of high signal density A\\

Some analyses, like vy, use the
“reconstructed Higgs mass™.

Creating Discriminating Variables

In WH, using M(jj) 1s about 75%

as strong a multivariate method A

Many Options:

Scattering matrix element (ME)

input variable 1 -

or dynamic likelihood methods (DLM)

CDF often uses kernel machines like
Neural/Bayesian/ensemble networks, SVMs

D@ often uses boosted decision trees (BDT)

Negligible performance difference between
MVA methods when thoroughly implemented

— See CDF WH search with NN and ME in 5.7/fb.

- Human effort in implementation and intuition
tends to govern preferences

input variable 3 - ~ input variable 4 -

A




Bayesian Searches (CDF)

Prior
Probability

L E

1 o/SM

8 [051Jet, HighS/B
© 500 M, =165 GeVic?

)
Density I f
I

10~

= i
0-1 08 -06 -04 02 0 02 04 06 08 1

NN Output

Posterior

N

1 o/SM
Upper Limit |
Exclude: < RxSM*

=¥

|

1 o/SM
Begin to
Observe?

Make a statement about belief 1n
Cross section ratio: R=6/6(SM)

Compute joint-poisson likelihood

e Compatibility of data with each
hypothesis

Flat prior: R=[0,MAX]

Nuisance parameters:

e Detector response, background

e cross sections, PDFs, etc.

Integrate likelihood over nuisance
parameters:

e Produces posterior probability
density as function of R alone 19



Bayesian vs. Frequentist

e DO, ATLAS, CMS all use
Modified Frequentist limit calculations

* Bayesian and M.F. Agree numerically to ~1%
for searches with large numbers of observed events.

e Technical advantage

e Bayesian method relies on integrating over nuisance
parameters

- Profile likelihood method relies on a fitting procedure,
which involves computing derivatives

e Integrating 1s less sensitive to
discontinuities 1n nuisance parameter priors

20



Bayesian Searches (CDF)

e Perform this analysis for each assumed Higgs Mass:

 Data (Observed upper limit)
* Simulation: (Expected sensitivity)

- Construct ensemble of background-only pseudoexperiments

 Each pseudoexperiment has same statistical uncertainty as
data, selected from one systematic assumption

- Shaded bands show typical excursions (for the BG hypg thes1s)
CDF Run Il Preliminary H >bb Combination, L <7.9 fo
= S :‘ o l Ceaenn | :Expected _ i1G Expectecd. I t ™
@ | < ;Observed = i2§ Expected
E 4P CoFExcusion i
— 5
o
/ D e ——————————
° <D
— X~ ey f e
g SM 1 i
- 0 20] ] reSUIts J |Y 18, 2P11

100 105 110 115 120 125 130 135
m,,(GeV/c?)




Overview of Individual Higgs Searches

CDF Run Il Preliminary, L < 8.2 b

 For July 2012 results:

E T L T TT T T T |
g —_— ZHAVBF jjbb 4.0 b Obs —_ ETbh
° - oy ; F jibb 406" Exp [ AEThh 781" Exp

M predicts N [ g— = e
wa -m-== HomBO0f'Exp 0 mmemee WH—Ivbb 7.5 & Exp n
j10 - Excl. » 5701 — 70! 1

. O - ---==  ZH—Ibb75791  Exp - Hoym 7.0 Exp
~~ 1 S e V e I l ts o ——  ttH MET+jets 57 "' Obs ——  WHhjets 75157 Obs

i == === {tH MET+jets 5.7 " Exp ===-=  HHljets 751" Exp
ln  Com— ol — - -1
o b H—ZZ

H WW 59 o' Obs
----- H :WW529 b Exp

— Combined

(125 GeV) = T
reconstructed and selectedqo?|

* SM background of ~200K
* 11 CDF analyses: o0 b

 ~88 orthogonal
sub-channels.

e Inregion 115-127 GeV, N R

100 110 Y2e—t30 140 150 160 170 180 190 200

WH,ZH,VH, and WW my (GeVic)
contribute ~90% of total weight of combination. 99

melnm Combined Exp
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H— WW — Ivlv

. CDF Run Il Preliminary [L=07m"
Identify 2 leptons, S ssaf 050 ts Wt
separate by jet multiplicity —§w- “ '

W as0f WL
e (Capitalize on of z
scalar nature of Higgs: : Oww
1501 — HWW = 10
- Spin correlations 00F- -« Data
- Leptons closer in sof- -_ﬁﬁ N
signal than background = P s == e == T VORI

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

e 2012 improvement:

- Redefine lepton “isolation”

- Avoid mutual 1solation veto
for two nearby leptons.

- More acceptance!




High-Mass Combined Searches

CDF: 8 sub-channels

Entries

CDF Run Il Preliminary

8
(7)) 7 =165
2 I L=9.7fb" ; il
£ 10° : Lww 20
w S Owz szjet
: /b: ~1:1 (165 GeV) ﬁ s |8
BeSt S ° ° e §75 om0 0w 050 0% 100 B —Higgsx 5
10?
e New: Low MIl &annel!
10
CDF Run Il Preliminary [L:Q.?ﬂ: + 4
3 100 OS 1 Jet, H|gh S/B CDF Run Il Preliminary = 9.7 fb"
E M, = 165 GeV. 12 SEWH Signal (Z Removed): M, = 165 GeV/c 2:; il 1 <
) | i s
E Bol— C
E 4:_ Eé‘ggw e v b b by I_l—l_lrﬁ_;_:_:_:_l I
;II-‘ g -1.0 -08 -06 -04 -02 -00 02 04 06 08 1.0 =
60 + s NN Score
- C CDF Run eliminary _[L: 9.71b" T T
L oF B 8 13[ 351+ Jets ww "
-—‘|+ L S M, =165 GeVid o
40— C -E 12:_ :'ZZ 10
B E ] s row
20_ % 08 -06 04 02 0 02 04 06 08 1 8 . el B e h
‘__ NN Output 6 2 0 0.2 0.4 0.6 0.8 1
| 'T‘ NN Output
I 100 S
A ORI,
1 08 -06 -04 02 0 0O BTl LN
0758 06 04 02 0 02 04 05 05
5[] L, NN Outpd
++ ] __‘ 0 02 04 06 08 1
0 | ::'_=____:__=‘_:—== | '. | i OUtPUt
e e e -1 0.8 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
08 06 -04 -02 u.t1 NN Dutput 2 4



Why So Many Categories?

CDF Run Il Preliminary 9.45/fb

: c
e Three major advantages T | AlSubCramel .
= _ |
e Sensitivity is roughly c 200f 10 ZHf
proportional to integrated o | | W Z+bb
signal/NBG 150 __ L ﬁ+cc
- Weaker categories dilute _ ] ¥4/
stronger ones 100 1 mwz
» Individual categories are _ WW
affected by nuisance parameters 50 | 1 fakeZ
in distinct ways | [z a0
- Isolating distinct samples can 00 Se— 05 =
constrain nuisance parameters ZH (120 GeV) Discriminant
1n situ!

« NEW: different production and decay mode sensitivities in different
categories?

- Fermionic-to-bosonic coupling ratios!

- See J. Wacker's colloquium talk from Sep 24. 25



High-Mass Combined Searches

2 CDF Run Il Preliminary
o - ° 8 8
[Low-mass: Wy 8 [foow |
=) 3 o 5 Oww &by
c 10 4 mEwy
. L 2 H;VZZ [W-jet
e Hieh Mass: DY 1 =
1 aSS . e o s w0 B —Higgsx 5
5 NN ScoreHWW
10
[ ]
e M VBFEAn 2-jet-cat
orc n cl-Calcgo
10
CDF Run Il Preliminary [L:g.?m" + e
3 100 OS 1 Jet, H|gh S/B CDF Run Il Preliminary IL=9.7fb"
(=] L MH - 165 GeV/c? SEWH Signal (Z Removed): M, = 165 GeV/c* Toa 1 5
ﬂ B 53_ Zganm
c 80| g
E 4:_ :é’;(:w oo v e b b v by et o by b by
;Ii -1.0 -08 -06 -04 -02 -00 02 04 06 08 1.0 =
60 + g NN Score
I C CDF Run Il Preliminary _[L: a7 b’
_‘|+ of 8 14[ 551+ Jets i
- c e o Mo =165 GeVic? A
) he g o
[ g e =
20_ 1_ 08 -06 -0.4 -02 rIx 0:2 04 06 08 1 i — 1 1. e ;
‘_— NN Output ? 0 0.2 0.4 0.6 0.8 1
| 'T‘ NN Output
L # : 100
0

o
-]
o
o
-]
=
o
(5]
o
o

2 04 06 08 1
NN Output

0 02 04 06 08 1
NN Output

s -

e 41 -08 -06 -04 -02 0 0.2 06 08 1
0 s 06 04 -0z u-NN%Autp: NN Dutput 26




Associated Production Channels

27



Associated Production Channels

+ — (J
Z—e'e + jets +
Ziv(— e'e’) + 1 jet CDF Run Il Preliminary
_ 1% - Data- 9.42fb"
c\’g = — Total Prediction
S B [ acD, W + jet
D 42 q
10°F z
S g B zz. zw, ww
~
e -
N 10 E
> C
D C
@)
T 1
10"

40 60 80 100 120 140
M,_, [GeV/c?] 28



Associated Production Channels

W—lv + jets
+ o
Z—e’e + jets +
W(—ev)r=1jet CDF Run Il Preliminary
Ziv(— e'e’) + 1 jet CDF Run Il Preliminary n 9000 =
c - -1
_ 10’ - Data- 9.42b" @ = . Data 320 pb
YN E — Total Prediction W gooo .
(SJ - I acD, W + jet = = Combined
0 2L it 7000 Signal
) E W 2z zw, ww =
a5 r Wzt 6000 - — QcbD
HI;N 3 5000 —— EWK+top
= E
% L 4000 =
° -
3000
2000
1000

40 60 80 100 120 140 00 10 20 30 40 50 60 70 80 90 100 29

M,_, [GeV/c?] Missing Transverse Energy [GeV]



Associated Production Channels

| Preliminary

3500

3000

16 rad

+|\\H_
=
sl
o
+
Q

2500

2000

Events /0

1500

1000

500

f

o
o
(4]
-
-
(4]
N
N
(4]

AO, r?éd 30



More Acceptance, Same Background

Central Lepton

Pretag CDF Run Il Preliminary (5.7 tb™)
20000 —e— [Cata
B EEE MonW
N 0 Zejets
B — I diboson(WW WZ ZZ)
1 uu N B Single top (t-ch)
- [ — S_ingle top (s-ch)
16000 n [ 1tlt“lr+CC|'lC
- I v BE
14000 - 1|H“';Irt-_;.ve.':m.'H|:11.'sv3t=;‘\.-'3>< 50
N Higgs ZH {115GeV) x 500
12000
10000}

8000}
6000F
4000}

2000

60 100 120
issing Transverse Energy (GeV)

Use looser kinemati
samples (muons

Central Leptons, 2 jets, Pretag WH—Ivbb

CDF Run Il Preliminary { 9.451b" )

=
=
=]

Mumber of events
2
[ ]

B
=2
[==]

5]
=
]

2000 |

1000

2012

20 100 120

Missing Transverse Energy (GeV)

selections for more pure

B StepT

[ Stops
—d

[ MonW QCD
[ Z4)eis

I W)

[ Iwsce

B Wbk

= Wit

= WH115x 100

103428 Data Events

31



More Trigger Acceptance

ZH—ppbbh ° Data Driven Multivariate Triggers

* Use Multiple Triggers in
MASSIVE LOGICAL OR

e MET, Jets, tracks, Jet+MET,
Lepton+tMET......

- ZH uses EVERY Lepton/MET trigger
e Method:

~ - Select events in orthogonal sets:
A,B,C,D..

b~ Use NN to regress on p(A[B), p(A|C)....
e NN output becomes weight

- Automatically handles
collider, detector time variations.

MiSSing ZH—vvbb . .
Energy (MET) - Requires negligible personpower 32



Jet Identification

b
0 Towgrs clustered Wlth a 0 LE Hadronic
modified cone algorithm Hog b
q. Ro- W Decays
+ Cone R=0.4 Naooga” f Y
g CDF

e Calibrated via 7
/+], v+, dijet balancing

e Linearity

e QOut-of-cone
e Underlying event
o Residual JES uncertainty: ~5%

e Additional resolution
improvements

e CDF: In-situ Z+Hj+MET — Z+jj

. oo 020 40 60 80 100 120 140 160 180 200
 Smearing of Mjj 10-20% Untagged Dijet Mass (Gevie) . 33




Identifying b-jets

e The mean lifetime of

. Jet
b-mesons 1s ~1ps .
Isplacea tracks / ’

e b-hadrons produced in oy  #
collisions can travel Y e
~mm before decaying .

do v
o Jets with secondary decay ™™
' ' Run 178855 / // tursberof Jta -4,
Vertexes, Or Wlth Slngle Event 5504?‘7\ _“/7 M:lonPt:STGeV
tracks significantly
displaced from the beamline .
are “tagged” | alj
e Charm-meson and \L y

mis-reconstructed u,d,s,c,g =
Jets arc a baCkground Tagged J 2:? : | GeV, Pl:i=7I9, L2d = 7 mm 34

1
: =%% GeV, Phi=355L2d=1mm




B-Tagging for Signal Significance

CDF Run Il Prelimary 9.45 fb

c - CDF Run Il Prelimary 9.45 fb
@ 1500 [-¢¢ * Two Jets, PreTag S' l X 5 O 0 . 5 oF e‘e’ + Two Jets, 'I:wo Loose b-Taas l =| e data
g X + 1gna 1 &
() 1 & . J
z | Z+Jets ++ L% LL Slgnal % 100 7+1f
1000 | before o 1 0 T ] | Z+bb
L ot
b-taggin
gamng X | Z+ce
500 | i . WWwW
- Bz
L -
BT . - 1.7
0 2 €
AR() tt
. CDF Run Il Prelimary 9.45 fb CDF Run Il Prelimary 9.45 fb
= . LDERun | Pfellmary 4 = 20F e*e” + Two Jets 6ne Tight & One Lo;)se b-Tags ] - e*e’ + Two Jets 'I:wo Tight b-Tags . -
o e*e” + Two Jets, One Tight b-Tag C‘\% ’ 10 } ’
A 2
T 60} S
o > 1 o °
i T J( H o " Signal X
wl Signal X 75 TL |
+ + 10 F 5|
of |
.-*" )
0 2 0 0




Improved b-Tagging

g e 2011: CDF WH (ZH,VH) used 3 (2)

0,98 Ny e g T . . .

£ b different b-taggers in orthogonal series

- £ Fixed "

94 Ol;:ratmg-l)omt e 2012: New CDF Neural Network b-tagger
?m:_ Taggers “ e Uses most sensitive variables from
.,:: At N\ previous CDF taggers

- Uses semileptonic b-decay muons,

086F Prlor CDF
Jet tower Mass,

0,345— -Neural NEfWOl’--k ..... .................. - l .................

0.82- B-jet ID ‘-\.. secondary vertex mass...
B : ‘l I. ° °
R R TR TR 0;5 0.8 - Can tag single-track jets
B Jet Efficiency . o
i Lopions, Pretag  WHILE  COF Run i reiminary (8.415") e Continuous variable output allows for
- - analysis group to choose cuts:
E - -z;m [ d [ [ [ d
5 = u S — optimize expected sensitivity
E 7oof [ Single bop (s-ch) .
2 1 =i o Bottom line:
- el
= _ ~10% higher integrated s/\b:
- ~10% stronger upper CL.

Neural Network Output



Calibration of 2012 b-Jet Tagger

In Multiple Control Samples

« Calibration samples

 Kinematic selection of
W+4.,5 jets events (di-top)

 QCD dijets with
low relative-pt electrons

- Not an input to tagger
- Semileptonic decay electrons

e Enriched in b,c
-~ Photon conversion electrons

(New Method) >
e Primarily u,d,s,c,g
- Examine both e-jet 'S —
and opposing side jets AN NN e

e These samples produce correction factors
and uncertainty estimates for simulated
events

e Resulting b-jet tag-rate corrections:
~5%:+£4% 37



Dominant Uncertainties

« Uncertatinties degrade exclusion Example Rate Systematic

sensitivities by ~20% 22
: 2
o Experimental 18
16
« Jet energy scale (shape) 14
12
— Vary simulated reconstructed energies "
o Luminosity ﬂ-:
o B-jet ID simulation :;—;
o Lepton ID/veto 0 02 04 06 0.8 1
. NN Output
» Theoretical Example Shape Systematic
« Cross section uncertainties, K-factors 0.09
0048
— ~1.5 for WHjets, Z+jets 0.07
— Extra heavy-flavor K-factor ~1.5 0.06 ( ’
. . 0.05 =
« Renorm/Factorization scale (shape) 004 =
— Vary renormalization / factorization scales 0.03
. PDF n02
0 —
o Initial/final state QCD radiation (shape) 0 0z 04 06 08

— Vary QCD showering parameters in simulation NN OQutput 3 8



WZ+ZZ: Validating Methods

e Standard candle: WZ+7Z

e Search methods identical to WH+ZH
ZATh Wvb

CDF ] Preliminary 9.45/th WH, All leptons, 2 jets, TT+TL GOF N 1l Preliminary ( 9.45M *)

— ' — = 90F T T|Er+brjets 9.45 b aS#EVTX + SecVTX (S5)
- - ata L
- Full CDF Fit 1. data - B B gl [MWzeht P Multiet [ Wzs2zZ
) showing: ee TTTL Tx LL ] CJomen L) = B ww % Data
T Z+If Easrors 0 = 7
= . C [EsTopT - 70— [CDF Il Preliminary]—|
%) v = B =
T 1 . Z+bb @V - g0 SR =
g 10 Z+ce [ves - 2 . -
2 ' e = F CDF fit E
tt e 2 E ]
mow 0 E B .
77 =WI | T 401 =
] z O 2 =
WZ > 30 =
&= @ :
20 =
fake Z B B =
10— ]
E : ot it e Wy =" T T s B Lo lmm
0 100 200 300 400 0 40 B0 B0 100 120 40 160 180 200 0 350 400
i Dijet mass (GeV/c® ©
Dijet Mass (GeV/c?) J faeviel M(l1slz)

39



WZ+ZZ: Validating Methods

) SearCh fOr Z—)bb in All Leptons, 2 jets, "TT" b-tags WH-lvbb CDF Run Il Preliminary ( 9.4fb™)
libb, lvbb, vvbb ._ \H—)lDHJ o
o Identical final state as g oall lept ="
a “90 GeV Higgs” 5 Bcactly tvo tlg%rbtag =
« CDF SM expected yields for o S
WH,ZH,VH: “F it
(Summed over all subchannels) 0l
. 215 WZ+HZZ |
® ~591 H_)bb (MH=90) 00: 2I0 40 6I0 80 100 120 140 1é0 1EI§0 200 790 Deta Bvents
Dijet mass NN Corrected (GeV/c?)
o« ~84 H—bb (MH=125) I«
. Measured cross Section g T CDF Run Il Preljminary, L <9.5 b ;
compared to NLO O Y . Best Fit
.g 0.8 Hl +ic
e SM *0.92 +0.31 -0.28 g
= 0.6
« significance of ~3.2 sigma £
2 04
« DO also sees SM-compatible VV .
o 3.28 sigma significance
5 5 09 2 4 6 8 1 40

0
Owz.zz (PP)



WZ+ZZ: Validating Methods

e Tevatron Combined Dijet Mass Spectra

Gizo00| . Tevatron Preliminary, L. < 9.5 fb <% 2000f Tevatron Preliminary, L < 9.5 fb’
L B int = - int
> - One b-Tagged Jet o 1800~ Two b-Tagged Jets
S1o000|- - Data S 1600/ - . —- Data
= B I wz A 1400i  wz
-, 80001 [ zz > - zz
= - [ Bkgd £ 1200 I Bkgd
5 80001 © 1000f-
- “ oo
4000(— -
- 600
2000 400
- 200
0 =
0 50 100 150 200 250 300 350 400 %™® 50 100 150 200 250 300 350 400
Dijet Mass [GeV/c'] Dijet Mass [GeV/c?]
199 Tevatron Preliminary, L < 9.5 fb! N imi 1
§ - LS9 C 400 Tevatron Preliminary, Lint <9.5fb
o 800 One b-Tagged Jet = - Two b-Tagged Jets
S ~+- Data - Bkgd O ook ~+- Data - Bkgd
o
N eo0H — Bkgd Uncert. a B — Bkgd Uncert.
e | . wz % 200l W7
S 400/ (177 = - 1zz
s g
200 100}~
oF OF 3};“-"&55%35%
200 _\ - ‘ | | ‘ | | | ‘ L1 1| ‘ I | | ‘ | 1 00 :_ 1L l — l 1L ‘ 1 l L l I ‘ I ‘ !
0 50 100 150 200 250 300 350 400 0 %0 100 150 200 280 s00 S50 400 A

Dijet Mass [GeV/c?] Dijet Mass [GeV/c]



WZ+ZZ: Validating Methods

e Discriminants trained for WZ+Z7Z, just like in Higgs Search
e Right plot shows

signal ordered, @ el Tevatron Preliminary, L <9.5 b’
rebinned, & | 1+2b-Tagged Jets
. . .. L B
combined discriminant 00
e Good agreement 20
within systematics s
e Signal above systematics .0 m
. . ht ¢ . - — Bkgd Uncert.
in rightmost region _400__='=|_ w7
4.6 sigma significance P P T T T T S
MVA ordered by s/b

e Measured cross section matches SM Prediction
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Associated Production Channels

CDF Run Il Preliminary (9.45 fb™)
»

F,+h-jets 9.45 fb' [CDF Il Preliminary]

68% Confidence interval

r [ 95% Confidence interval
--------- Expected 95% C.L. limit
— Observed 95% C.L. limit

10

95% C.L. limit/ SM

95% CL Upper Limit/SM

['Tbb

s ; Stan?d?a g
I||III|-|||Ii-I|||tIII||III|||I1I|

11
9 100 110 120 130 140 150 1
90 100 110 120 130 140 150 Higgs Mass (GeWcz) '160‘ - ‘11|n' - '11;0‘ - ‘130' | ‘_'ulm‘ - ‘15102'
MH (GeV/cz) Higgs Mass (GeV/c?)
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WW, bb Combined Searches

For CDF and DO

- - Expected 1 s.d.
|:| Expected +2 s.d.

T '| T T T T r T I T T 'I T T T T [ T T T T I T
I +% Expecled

+25 Expected

10

95% CL Limit/SM
;
95% CL Limit onoc
T T T IIII|

Fir 100 105 110 115 120 125 130 135 140 145 150

| | . 2
710 120 130 140 _ 150 June 2012 Higgs Boson Mass (GeV/c?)
m,, (GeV/c?)

10 |:| Expected £2 s.d.

120 130 140 150 160 170 180 190 200

110 120 130 140 150 160 170 180 190 200 June 2012 Higgs Boson Mass (GeV/c?)
Higgs Mass (GeV) 44




Excess in H—bb

e Clear excess in CDF H—bb decays
o Largest excess 1s at 135 GeV
* Not like yy or ZZ—4l:

 Poor mass resolution—neighboring points correlated

e Global p-value 1s 2.7 sigma (Expected Signal ~1.5 sigma)

CDF Run Il Preliminary H—bb L=9.5 fb!

I O RN A IR I CDF Runll Preliminary = Hobb chanmels
W Ex ted BB 1 Expecied 10 _ 4 mnnmn Expected if SM Higgs signal

s g PE SM H%bb, Lint < 95 fb -Expectedir1 s.d.

+2q Expected I Expected 22 s.d.

95% CL Limit/SM
=
=

1o

Background p-value

10’
2c
1 - 10-2
3 R T 3
| Feb ?H‘ 2012 | 1 O s A ¢
90 100 110 120 130 140 150 100 105 110 115 120 125 130 135 140 145 150

m,, (GeV/c?) February 2012 Higgs Boson Mass (GeV/c?)



CDF and DO Combined Searches

e DO: Exclude 159 <MH <166 GeV
e CDF: Exclude 147 <MH < 175 GeV
e Both have broad excess 100-150

CDF Run Il Preliminary, L < 10 fb™ S — - -
= L L A E s S B o [ D@ Preliminary, L <9.7fb bserved
N N N In

7] : : . 0 . mmm E ted w/o Hi
Sl CIETS o ousion| § 4ol SMHioss Combinaton e
E 10 c o Epecied (ERE / g CC) 0 E - Expected +1 s.d.
- L 20 Expecied : ] Pt B w |:| Expected +2 s.d.
(& L ; : | £
o L - -
5 | i / .
@ O

N

Tp}

»

1
<—— | EP Exclusion
I {-I—CDF Exclu:sion February 27, 2012 .

100 110 120 130 140 150 160 170 180 190 200
Higgs Boson Mass (GeV/c?)
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180 200
m,, (GeV/c?)

100 120 140 160
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Tevatron Combination Dec. 2007

Tevatron Run Il Prellmlnary Usmg Up to 1 9 fb1

December 14 2007

—_
(@)

95% CL Limit/SM

100 110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV/c?)
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Tevatron Combination Apr. 2008

Tevatron Run II Prellmlnary Usmg Up to 2. 4 fb1

c% April 21 2008

= T SO U SO UUTY VTS OUUOTUY UUTU U OO UUSUUTUUTUE: SURTURTURUUUNE SOTURTUSUURTUNt SEUUUUTUOTUTE SUURTUURURNTE SURTURTURTT
= Medlan Background Only Expected

j Observed
10 1 Baskground Oy
f‘\) - . mon ?

o))

100 110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV/c?)
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Tevatron Combination Mar. 2009

Tevatron Run II Prellmlnary Usmg Up to 4. 2 fb1

c% March 24, 2009

g | e CEEEE Medlan Background Only Expected

j Observed

31 0 _—-+16 _____ Ea_qurqym!@n!y::::::::‘.::: """""" e . —
(o) B H H : :

g i i

100 110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV/c?)
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Tevatron Combination Nov. 2009

Tevatron Run I Prellmlnary Usmg Up to 5. 4 fb1

c% November 19 2009

g | e CEEEE Medlan Background Only Expected

j Observed

31 0 _—-+16 _____ Ea_qurqym!@n!y::::::::‘.::: """""" e . —
(o) B H H : :

8 : i i

100 110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV/c?)
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Tevatron Combination July. 2010

Tevatron Run Il Preliminary: Using Up to 6.7 fb"

July 28, 2010

----- - MedianéBackgkound iny E)j(pectecii

(E)bservéd

-ZZfflf?j.ﬁQZ:.ZZZB;?QKQ'.‘.‘.E?I-!DQIQi.r.‘.!YIIZZZZZ%ZZIZZZZIZZZZZ%ZZZZZZZZIZZZZZ%ZIZZZZZIZZIZZZ%ZZZZZZZZZZIZZZ

95% GL Limit/SM
o

:ﬁ]:ﬁﬁﬁﬁi%ﬁﬁ?f:éﬁ&fIéé’c’:ﬁkéi&ﬁhﬁdfdﬁ]&]ﬁIi:f.ﬁﬁfIﬁﬁf]ﬁﬁi@ffﬁﬁiIiIf:ﬁiéﬁﬁﬁIiIfﬁffﬁéfiﬁﬁﬁiifﬁﬁﬂ

100 110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV/c?)
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Tevatron Combination Sep. 2011

Tevatron Run Il Preliminary: Using Up to 8.6 fb"

Septeémber é2, 201‘zl

----- «++=»  Median:Background Only Expected
: (E)bservéd ' : 5 5

f_ﬁﬁZfléﬁf‘.ﬁg.ﬁ:.ZZZB;?ZQKQF‘.E?HHF’.ZQ%]!Y:ZZZIZZZ?:ZZZZZIZZZZZZZZ%ZZZZIZZZZZZZZZEZZZIZZZZZZZZZZEZZZZZZZZZZZZZZ

95% CL Limit/SM
=)

:ﬁ]:ﬁﬁﬁ3_%:2]6?1ﬁﬁ’lﬁéé:kgﬁiiﬁhﬁdfdhlﬁyﬁIiﬁﬁifé’.ﬁﬁIIIIiﬁﬁiﬁﬁéffIIIIZﬁﬁﬁiIﬁéﬁ]iIﬁﬁﬁﬁiﬁﬁif@]ﬁ]ﬁﬁffﬁf

100 110 120 130 140 150 160 170 180 190 200
Higgs Mass (GeV/c?)

52



Tevatron Combination Mar. 2012

Tevatron Run Il Preliminary: Using Up to 10.0 fb™

March 19 2012

----- «=+=+  Median:Background Only Expected
: (E)bservéd ' : 5 5

-ZZZTL%ZTQF.IZB;?ZQKQ(‘.E?PDF’.ZQ%H!YIZZZZZZZ?"""""ZZZZ?:ZZIZZZZZZZZZZZ%ZZZZZZZZZIZZZI%ZZZZZZZZIZZZZZ

—
o

95% CL Limit/SM

::]:iiﬁZ{%fféﬁﬁ(s?ﬂﬁééékﬁrﬁﬁﬁdfdh[yﬁﬁﬁfﬁﬁ:@ B S S

100 110 120 130 140 150 160 170 180 190 200

Higgs Mass (GeV/c?)
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The Winter 2012 Tevatron

Combined Higgos Search

* Expect to exclude

Tevatrnn Flun Il Prnlaellmlr'lar'yr L =10.0 fb
nearly everywhere

E |= '_ Qhuwed ! ATLAE':+CM5
= % ..... Expected wio Higgs  1€vatron Exclusion
- 1.10*SM at EV I s
130 GeV o & §af s |
o | g;g I 0
. o = = o
e Exclusion: E U
3
-

» 100-106 GeV —

e Broad excesses ; ”
i 'E ATLAS+CMS _ _ _ : _ .
o Exclusion
e ~105-145 GeV o | | | dune 2012
100 110 120 130 140 150 160 170 180 190 200
e ~190-200 GeV m,, (GeV/c?)
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Quantitying The Excess

e Left: Local p-value distribution for background-only

e Minimum local p-value:

3.0 standard deviations

e Global p-value with LEE factor of 4: 2.5 standard deviations

e Right: bb significance

< . = 1-CL,_ Observed
- o)
‘:‘,‘ 0 Tevatron unnll Preliminary ™ 1-CLZ Expected t_:;
Y L <1001k [ Expected +1 s.d. >
- . [ Expected+2 s.d. Q
c 1 2
= s -
9 B B 1c ©O
210 o
x
8 ------- 20 %
m 10 m
1w o Ny s 30
10
----------------------- 4c
1 0‘5 L1 | | L1 1 | | IIIIII I L1 1 1 I 111 1
100 110 0 140 150 160 170 180 190 200
June 2012 Higgs Boson Mass (GeV/c?)

102=_""I""I'"'I""I""I'"'I""I""I""I""_=
= Tevatron Runl, L <9.7fo" ——1-CL, Observed 3
10 _g ..... 1-CL, Expected E_
= B +1sd. .
1 [ ]+2sd.
10—1 _____________ 1o
] 2c
10
10°° 3o
100 105 110 115 120 130 135 140 145 150

m,, (GeV/c?)
DD



Is it signal like?

* Dotted line shows 125 GeV signal injection

* Broad excess is expected.
e (blue dotted line)
o Tevatron Run Il, SM H—bb, L <9.7fb"
 Not mass-sensitive > | — Obseved - Expected for m =125 GeVic?

..... Expected w/o Higgs
+1 s.d.

95

* Significance

e (Global: 3.2 Std. dev
e [ocal: 2.9 Std. dev.

e e b e b
100 105 110 115 120 125 130 135 140 145 150
m,, (GeV/c?)
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Is it signal like?

* Find signal

e Data look
signal 1njection 1n shape

-
o

o o
o o

-
o

) 6
e ~].5 standard 3.
° ° ° /I\
deviations high 1
o 4
Tevatron Run Il Preliminary X
- L <10.0 fb™ I
N
b 3
m,, = 125 GeV/c? +I
H— W'W™ - [T combined (68%) bg
—- Single Channel =
H- vy =
H— bb
| | | | |
1 2 3 4 5 6 7
June 2012 Best Fit o/cg,,

N
o
o

100

0

fraction that best fits the data:
like 125 GeV SM

Tevatron Run II le <9.7 fo

L L I I I
S Measured ----- Expected for mH_1 25 GeV/c
i Assuming best fit rate at m =125 GeV/c?
- 0 fsd L Expected for m =125 GeV/c® —_
19 sd. Assuming SM rate .

Predicted

100 105 110 115 120 125 130 135 140 145 150

my, (GeV/c )

S7



Per-channel Comparison To LHC

 Expected Sensitivities _ _COF Run il Prelimpnery. Hobb t=8m:
(Feb2012,125GeV): 2 | - Expectod i
e H Y ﬂ 10 | =
ATLAS.CMS: ; CDF: 2012|results
~1.5-2xSM __—
. CDF,DQ: ~10-13xSM ' | i
® H_)WW: i Fek 2B, 2012 i
. ATLAS,CMS: ~1-2xSM  °° PO i cevied
« CDF, DO: ~3.5xSM N I B
® VH, H_)bb: E 10; Tibsewed((as)) \s=7_TeV,[ =a6471)
. t =T | ATLAS
) fi&)‘?‘SSM(“/fb)' - | arXiv:1207.0210
Jul 2012

. CDF, DO (8/fb): ~2-2.5xSM

2012: Tevatron's most competitive : ]
search channel is VH—Vbb! R R | 58




H—bb Comparison To LHC

Expected and Observed Upper 95% Limits
SM VH (H to bb), February 2012, Per Experiment

! O Expected (125)
= 0 B Observed (125)
£
1
o 4 4
)
o 3 3
o
D R 2
X, 1
O
1O) BN 0

CMS ATLAS CDF
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H—bb Comparison To LHC

e Tevatron Experiments:
~10x Higher Expected Signal Yield

Expected SM VH (H(120) to bb)
Signal Yield

Per Experiment, February 2012

120
100
80
60
40

o B
0 [ ] -

ATLAS CDF
CMS ATLAS (High-PT) DO 60

Number of Events



Possibilities for Winter 2013?

« LHC mass-sensitive channels: :
e CMS, ATLAS: ZZ,yy channels: Spin? " LE
+ LHC H—bb: q e
* CMS: bb channels: b b /
Updated for July: e— i 1
- Currently 1.6 q Y _
~1.6*V10/720 = ~0.85xSM - P
* Will soon have observation of H— bb! (?) o q
o ttH: q

e CMS: Currently 4.6: 4.6%V5/\20 = ~2.3xSM
- If non-SM top coupling, could have strong statement! 61



Is That All There Is?

e ATLAS and CMS have

already released :

constraints on coupling
parameters of the X(125)

e So far SM-like
e Tevatron in progress

e W/Z ratio
e V/b ratio

e Testing with WW/WZ

= X}
1 1

(F%]
T

\u..__

-
-

-
----------

B
- ATLAS Preliminary

C X Best fit .

o= TTeV, [Ldt= 48T — 2 InAfg Ke) <2.3 -

(5= TV, [Lat=58591" 2 MNAK K <60
"/f"‘ \“

--------------
"~
S

\I\lIII L
+ SM

-
-
--_-----"--’

-
-




Is That All There Is?

 Interesting paper:

arXiv:1208.6002v1
J.Ellis, D.S.Hwang, V.Sanz, and
T.You o - TeVatron
« M(VH) can differentiate spin, parity ,,,E Jl’: B g_
o Caveat: “We have not analyzed — gsmf [[ £ 7 |-—2°
further the backgrounds inthe 3, F || ¢
experiments,” I i

oo P
e Tevatron background are non- -
negligible in VH processes

2000k

1000

 We are Investigating our sensitivity

-L‘"-L ) "'I. -
I:..r_l | 11 | | | i-"""‘;'h.ul | T"'F--g.i_l |
200 400 Ll S00 1000 1200 1400
M

VX
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CDF bh—bbb Analysis

* What about models with H- ' , ———
like particles?
e Technicolor? (Underway) [
. MSSM? . .,

e Recent combination of CDF

and DO searches for Y
= MCFM G{bg—)Hs_,,_ﬁbj o)
bh_)bbb © N E b, pr>15 GeVic, [nj<2
e Final state (CDF) : R
- >=3jets 10’ h
- >=3 b-tags oo e 'ggu'm'-_h'ﬁﬁ'“;};)

50 100 150 200
b 1
My o (GEV/CT)

* Analysis relies on b-jet

trigger 64



CDF bh—Dbbb Analysis

e Background i1s
~100% QCD

e Don't trust MC

* Use Data-driven bbb
background model

bbb Analysis Event Fractions

bc
ther
bbq

- Templates from 2-tag data

- Assume flavor and tag rate of
third tag

e Don't trust flavor-fractions
- Fit to data
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CDF bh—bbb Analysis

 How to construct templates

e Take data events

I---
J—'I'—t I I

i
l‘-
Jujlljtjltuljm.ljuuu

—— bBb
- bbB

All-MC
Closure test

® true bbb

- >=3 jets T osE

- ==2 tags T :

) O a5k

- Order in ET S

« Now weight g “F
untagged & olsf
_]Ct 0.1 —

- bbB or bBb? 0.05 [-

- Which jet was o L
originally untagged 0

e Note that the bbb
Mj1j2 spectrum
1s in-between bbB and bBb

50

100

150 200 250 300

350

400

m,, (GeV/c?)
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CDF bh—bbb Analysis

e Now, fit background
templates in 3 dimensions

o
[

.:
—_
N

* Mjl;j2 (signal sensitivity)

fraction/(0.2 GeV fcj)

o
—

e ml+m2 (flavor sensitivity)

005 /

 m3 (flavor sensitivity)

0 0.5 1 1.5 2 2.3 3 3.5 4
m, . (GeV/c™)
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CDF bh—bbb Analysis

Best Fit (backgrounds only)

e Fit Results

© W bbB
%‘350[] = B bBb
O 3000 M bbX
) B bCb
@ 2500 B bab
L=
Best Fit (backgrounds only) EZDDD ® CDF 2.6/fb
R >
Ny 2250 0
= 1500
2 2000
O 1000
0 1750
~—1500
3 500
"E' 1250 0
E 1000 0 1 2 3 4 5 6 7 8 , 9
750 flavor separator Xtags (GeV/c?)

50 100 150 200 250 300 350
. 2
dijet mass m,, (GeV/c®) 68



CDF bh—bbb Analysis

95% C.L. upper limits

e Search Results « 500

S 450 expected limit
: . 16 band
. 2..8 sigma local 400 bl
significance at 350 observed limit
150 =00

250

e 1.9 global 200

150
95% C.L. upper limits

= 100 -
'E. , . loop :Erl'Tar.fts (4,=0)
~ 10 50 Higgs width included
-2 l ! ! | ! ! l
-n | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
; 100 120 140 160 180 200 220
= 2
- m, (GeV/c")
2,

5 10
]

+
<

T.
-
&

b I 1 L 1 1 I 1 L 1 [ I 1 1 L [ I L 1 [ L I 1 1 1 L

100 150 200 250 300 350 69

m, (GeV/c?®)



CDF bh—bbb Analysis

e Combine with D0

e Similar sensitivities, different excesses
95% C.L. upper limits

| D@, 5.2fb"
02 === expected limit
1o band
| = 2 ban 10° \ Expected
N Expected 11 s.d.
—  observed limit " Expected +2 s.d.
— Observed

—_—
[ o}
Trr

S(PP—¢+b,_)<BR(¢—bb) (pb)

e 150 200 250 300 350 160 — 150 ) 260 ) 2§0 " 300
m, (GeVic) M, [GeV]

Cross section x Br 95% C.L. [pb]
>
I



Is That All There Is?

e Combined results

* Two excesses sum to single, softer, broader excess

\ m,, max, u=-200 GeV Tevatron 2.6-5.2 fb™
10
Tevatron, 2.6-5.2 fb™' % i ] Tevatron exclusion
ob J S 90 LEP exclusion
—— Observe
..... Expected 80 ’," "x"
| Expected +1 s.d. 70 R .
Expected 12 s.d. 60+ .

10—

.
o
.

o(gb—> ¢ b) x BR(0—> bb) 95% CL [pb]

a0
""""""" — Observed
30: — Expected
1 200 L Exp. + 1 s.d.
10F Exp. £ 2 s.d.
T T T T A AT SO ST ST S T SO ST ST S NN SRS T E........I....I.--.
100 1% 200 =0 m,ceV] 100 150 200 25 300
M, [GeV]
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Is That All There Is?

e Comparing to the ATLAS results, mh max scenario
e NB, ATLAS, CMS results use h—pup/tt, not bb!

m, max,i=-200 GeV ~ Tevatron 2652

N
-“‘

[0 Tevatron exclusion |
[ LEPexclusion |

-~
-
e
-

60 “\'““HII! "0 "'0 @_ 60 [ I T T T T I T T T T I T T T I T T T | T T T T | T T T I T T L I T T T
: o S - ATLAS Preliminary

0"
“ " . -
50 ................ ! 504_ MSSM combination
i _[ Ldt=4.7 - 4.8 fb
A0 vs=7Tev

.
o
0
.
+
0
o
o
iii
t
-l"
' [
-----------
.

[ mgax, u=0

= Observed 30}

III|IIII|IIII|IIIIi\I

: — Expected
) - Exp. £ 154, =0 = goserved Sle
10° Exp.12s.d 10 — i

F— LEP

||||| L Tt e e
100 150 200 25 200 100 150 200 250 300 350 400 450 500

M, [GeV Ma [Gev1 72




Recent Publications

CDF METbb: arXiv:1207.1711, Phys. Rev. Lett. 109, 111805 (2012)
CDF WH: arXiv:1207.1703, Phys. Rev. Lett. 109, 111804 (2012)
CDF ZH: arXiv:1207.1704, Phys. Rev. Lett. 109, 111803 (2012)
CDF H—bb: arXiv:1207.1707, Phys. Rev. Lett. 109, 111802 (2012)
TeV H—bb: arXiv:1207.6436, Phys. Rev. Lett. 109, 071804 (2012)
CDF ttH: arXiv:1208.2662 (Accepted to PRL)

Tevatron bbb: arXiv:1207.2757 (Accepted to PRL)

CDF bbb: arXiv:1106.4782, Phys. Rev. D 85 032005 (2012)

TeV bbb: arXiv:1207.2757 (Accepted to PRL)
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More possibilities for 2013

e CDF still has collaborators preparing results

 Most people sharing time on other
experiments

 Updating METDbb analysis to new tagger

- Different BG model, so WH/ZH tools
aren't turnkey usable. (+2-3% sensitivity)

 New Higgs-related results focus on states
where the Tevatron can compete

- Low-mass decays
- Not sensitive to pile-up 74



Conclusions

o For additional details see

o Tevatron: http://tevnphwg.fnal.gov/results/SM_Higgs Summer 12/
o CDF: http://www-cdf.fnal.gov/physics/new/hdg/Results.html
o D@: http://www-d0.fnal.gov/Run2Physics/WW W/results/higgs.html

o Thanks to everyone at CDF and DO
who contributed to this update!

« Bigger thanks to everyone who
designed, built, or operated CDF or DQ!

« FNAL Computing Division:
Thanks for all the computing power
and software!

e FNAL Beams Division:
Thanks for all the collisions!

o Photographs of Fermilab and
its wildlife were taken
by Reidar Hahn, FNAL VMS 75



Conclusions

« CDF & DO SM Higgs searches have been
updated with the complete Runll dataset

« Expected sensitivity <1.10xSM over interesting range

o Dominated by Tevatrnn Flun ! F"rellmlnargqar L{100fb
associated production S |5 2 — obsewea L ATAS.cMs
- W 4 vmmns Expected wio Higgs evatron Exelusion
and WW channels E10 |2 £ ¢ " siadExpected  +ATLAS+CMS
= § gfgﬂ : ﬂ_&d' S N Exclusion -
« The data are o 48z °
5 [B2d
e incompatible with > |8 - /
background-only hypothesis, 5/ e 3 v
« compatible with signal hypothesis N
« Agreement among six channels, " oo e S |
2 experiments . L I
100 110 120 130 140 150 160 170 180 190 200
e global p-value of 2.5 s.d. my, (GeV/c)

« H—Dbb only: global 3.1 s.d.
« Evidence for H—bb! 76






Modified Frequentist Searches (DO)

I 1C: b - e erve
e Define test statistic: Sou [ T EE;“ teéjl;o.- p— LEP -
. . . WU i xpected for signa
* Log Likelihood Ratio: L(s+b)/L(b) So.12 - Fi i
* Throw pseudoexperiments 501 ¢
generated under background $0.08
or s+b hypotheses “006
e Separation between LLR 0.04 |
distributions is discovery power 0.02 | - T
« Compute CL(s) = CL(s+b)/CL(b) B T T
° Vary assumed Signal £ 14 Bt : ER— _2}”(Q)
cross section until CL(s)=5% g [ SN Hizgs Confingiion — el

- Signal cross section meeting _ .. e S
this criteria is the upper limit bl g piememed

« CDF and DO set limits both ways:  , Eemmmt e UARNTE T e
Frequentist and Bayesian

-
ae”
-

e Two methods agree to ~1%

- |I"“|“"| IIIII 1 i ""l‘""l""i”" llll 1‘““ lllll 1 -l-l 1 1 1 1 1 Illulluull 1 1 |""| IIIII 1 L
130 140 150 160 170 180 190 200 78
March 7, 2011 my; (GeV/c?)



Understanding Sensitivity

I
o

2 [ Tevatron Runll Preliminary -::::Eb i; S-:-
Background-Only PEs . g 30| SM Higgs, L_<10.0 e l-:--lLLFl: +2 s.d.
Signal+Bkgd PEs > IS - ---LLR_,
= og [ —LLR
Observed LLR fog A s
.. — u
= 10
1 o
T vy 2
= - b RO~ T

[y
=

OOOOOOOOO
OOOOOOOO

-llIIIIIII|ll|l||I|I|I|IIIII|I|l||l||ll||l||l||ll|
100 110 120 130 140 150 160 170 180 190 200
210y Siuewiedxa opsend Feb 24 2011 Higgs Boson Mass (GeV/c?)

e Log-likelihood ratio at different masses shows what
signal-like deviations across the mass range would
indicate, relative to signal separation power
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Quantifying The Excess:

H—bb and H--WW

m— Tev H->WW channels

Tevatron Runll Preliminary
mnmmn Expected if SM Higgs signal

SM Higgs, L <10.0 fo! B ooccrec =1 5

e Local p-value distribution =

for background-only
expectation.

« WW: Don't expect
a significant excess

e« H—bb

e Min local p-value:

--------- 1c

2c

30

--------------- 4c

_5 11 I 1 1 1 1 I 11 1 1 I 11 1 4l
120 130 140 150 160 170 180 190 200
February 2012 Higgs Boson Mass (GeV/c?)

e Global p-value
with LEE factor of 2:
2.6 standard deviations

o At 125: Like SM Higgs
with an additional
~1.5-s1igma upward (o0 R 3

IIIlIIIIIIIIIIIIIII

ﬂuCtuatlon 100 105 110 115 120 125 1|f|30 135 140 145 150 80
February 2012 Higgs Boson Mass (GeV/c?)

s - Tevatron Runll Preliminar === Tev Hbb channels
2.8 Standard d@VlatlonS 10 = . 4 y lllll Expected if SM Higgs signal
= SMHiggs, L <10.01fb B coecteo s
E int - Expected 2 s.d.

1o

Background p-value
a —

20
1072




CDF Combination

e Exclude from 147 to 175 GeV

Two excesses:

« one from associated production modes
e one at ~200 GeV.

At 120 GeV, global p-value is 2.1-sigma

CDF Run Il Preliminary, L =10 o™

@
E L LTS EL e FELPTS ETL s WL PR R T ™= LB LRI s K LI = | WL S All COF channals
g ooooo Expected CDF t_g 10 sy l-:h-”.III Pre“mlnary ~ S s A
E10 | — Observed ~ Exclusion . o SM Higgs, Lim£1D.D ib EExpectedﬂa.d.
E | B 15 Expected LA TR ] Expected 2 5.d.
R B o - g
Q g = Sl e R : ’E o 1o
7o) x e \
= Q UL .
& 102
s 10_3 --------------------- - e - - m == - 3c
107
--------------------------- R e - s
Eﬂbmﬂﬁ'!;m"‘?- 10‘5||||||l||||||||||||||1||||||||||1|L|||||||||||||
100 110 120 130 140 150 160 170 180 190 200

100 110 120 130 140 150 160 170 180 190 200 _ a
m, (GeV/c?) February 2012 Higgs Boson Mass (GeV/c%)
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High-Mass Combined Searches

. New analyses!
D@: 3-lepton * 3-jet sub-channels VHOVWWotty

%‘ 10 Déﬁw‘ 5
w ° ' B’
e Plus 3 new VH trilepton! pE—
(% II|IIII|III|IIIII|IIIIIIIIIIIIIIlIIIIIII'lI _I10 _Obsewedl_"lnit
Y s E d Limi
= NP2 Prellmlnarv =9.7 fb "'—-— Observed Limit B xpocieas 1ea
3 BN o ownari L0 Expected Limit Expecled + 2sd
3] - Expected t1o 1 TR
i 10 | :Expectean.off
: i : 120 130 140 150 160 170 180 190 200
210 T T | T T 11 T T 11 | T T 1T | T T 1T | T ‘I‘I T | T T 1T | T T 1T | T T 7T mH (Gevfcz)
""" @ PO-Preliminary; £=8.6-{b-—— Observed:Limit
£ F— WW(ee) - Expected Limit . _YH->VWW-oeepn
‘ ' DJ Prelimir =077
o B Expectedsio. | 2 R mes posarye it~
5 ~_Expected +20 3 o Peeced It
o) EXpecied teo ... | 3 L Expeciea =
8 LA XpEcled w2
1 — : —
-3 1§ I 10 : [ —
= lIIIIIII!IIIIIIII!IIIIIIII!IIIIIIII _' - Sp—— T
2 Q_Preliminary, L.=9.7 b’ —- Observed Limit | - : ]
£ _____ o i eemn | L N ” g
S H— WW(ep) : ; Exp?cted Limit
z ' - : 1
0 0P W Expected t1o e i L FEE A EA R
&b Expected £26 My, (GeV)
Iel_l: II 11 1 L1 1 1 L1 1 1 L1 1 1 L1 1 |
10 150 160 170 180 190 200 . VH—>V VV VV —>uue
"""" ﬂ-."
M, (GeV 2 h ‘{’{,:;,';.ﬂ’ai r=!- 9.7 10 e s T
5 e Expected Limit
B10° g [I-Expected:
= -

7120 130 140 150 160 170 180 180 _ 200 82

M, (GeV)
1 e o el i 1 B i B i
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WH Results

All Leptons, 2 jets, "TL" b-tags WHhbE CDF Run Il Prefiminary ( 9.45fb" )

« WH:
« Major background

« W-+bb, ditop,
instrumental nonW.

e Added data + improved R ke
b-tagging + new tl'iggers ”Fn = D.S U- e |

0.8 a7 0.8 - 09
BNN output (M, = 115 GeVic?)

Number of events

= WHN13xz 10

903 Data Events

« update of 3jet bin CDF Run Il Preliminary 9.4 fb-1

3 WH-= Ivbb. All channels combined

=10 B e PR
wn E . Observed Limit e S
o Best s/b: ~1:5 E Pomsns Exszct:d Limit - :
:If i Pseudo-Exper.+ 16 | i |
o 2012: 22.; > I0.2 ?9:102 :::::_:::_::f::seUdo-Efo:;:%_f:ci:, Sk et
T Tatalcta i S St el el el Ay S e S e el e S e e o
73 A e o s ot NI A i RS S e S S ey BURS S R e
- N e et et tetet Gttt St Sttt

______

expected signal events!!!

.............................

e 1-2012/2011=~30% m;i
stronger expected limits

................

than summer 2011 B gaees

ff;l:::::_':::::::::f:::::::::E::::::::M{ﬂ%f:
90 100 110 120 130 140 150
Higgs Mass (GeV/c?)




Z.H Results

CDF Run Il Preliminary 9.45/fb

I All-SubCha

i?% [ nnels ] . data
a backgromnds: £ 200} 10z
e M L%’ i i B Z+bb
e Z+bb, ditop 150 | I B
o [mproverarts ; {mws
WW
e Added data + improved btagging | ez
. . 1 [ ] zH 120y % 50
+ better background rejection : B
0 0.5 1
+Improved lepton aCC.eptE%nC.e . ZH (120 GeV) Discriminant
+ sifted background discrimination CDF Run Il Prefiminary (9.45 1

o 11 to 012

. Doubled integrated s/\b!
e Bests/b: ~1:1

1-20122011 = ~ 34%
stronger expected limts
than ZH sumar 2011

q e Exp ected
o .bserjved

10__111.111111 E S

95% CL Upper Limit/SM

90 100 110 120 130 140 150 84
M, (GeV/c)



- N oo =
o o o o

Log-Likelihood Ratio

o

-10

L Tevatron Runll Preliminary LLR, +1s.d.
- oM Hi L <100fb" [JLLR, +2s.d.
— SMHiggs, L <10. --+LLR,

- --.LLR_,

— —LLR,,

-y ==
-
-

-
-."'lu
-

Higgs Boson Mass (GeV/c?)

cov b e lwv s b o bvww o bov v by wwn b n bygwy
110 120 130 140 150 160 170 180 190 200

LLR = -2In(Q)

(o))
o

40

20

1111 | 1111 | 1111 | 1111 | 1111 | 1111 | I'I-I 1 | | I | I | | 1111
100 110 120 130 140 150 160 170 180 190 200

Signal Injection

3o Signal Injection Study

Tevatron Preliminary Higgs Projection

__-LLREiTG ..... . IIILLRB ................... ................... ...................

LIR, 26 "= LLRg.p
I:l ................ B ................... LLROBS ........

.....
: LTI :
H L H

-

*

-
IEELI
s

-
o ®

m,, = 125 GeV Signal Injected my, (GeV)

e Consider a study performed by injecting
MH=125 GeV Higgs signal to our search,

* luminosity scaled so the excess is 3 s.d. above the background

prediction.
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The History of the Search

o 40 C ~ 14 E !
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2 0F EELIR, tio Tevatron Runll Preliminary [ Tevatron Run II Prefiminary LLR, ¢
= 5L oy T 2.0l = L=10-241b" WILLR, tlo
N J_A_J\b 20 <2 ="9.710 8_ ;
- e 2010 f
- =-- LLR_, » 6L e
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ar
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0 0
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The Path To SM Sensitivity

« CDF has reached o Pre""""a -

= | | .
~SM Sensitivity o | {—— Summer2005 —— November2009 7T
2 . ' —— Summer2006 —— July 2010 — '
e Why now? E L | ——  Summer2007 — July 2011 L
;‘ hl. — January2008 —— February 2012
« 10/1b and steady progress @ — December2008 [ Sensitivity Goal
010 .Z"ZIIIZIZZIIZZIZZIIZ::IZZIZIIZ:Z:Z:ZIIIZ::ZZ:ZII:::IIIZ::IZZIIIZIIIZIZIZIIZZZI e
- more decay channels L N B Ie s ot ne kG e R
. X W \Ne e U T
- acceptance in old channels W [ NG S T e ]
- Improved reconstruction R ;
- Improved discrimination . R,
e Since 2007: ——e——
» Factor of ~2 improvements 1 ZISE;I{IIIIIII:’.IIIIIIIIIIIIIIIIII?EIIIIIIIIIIIIIIIIII;IIIIIIIIIIIIIIIIIZf?IIIIIIIIIIIIIIZIIIZIZE’.ZIIIIIIIIIIIIIZIII;IIIIII............IIZ
beyond additional data P A P NG W A S ) M
, 0 2 4 6 8 10 12 14
e Since July 2010: Integrated Luminosity (fb”)

e Factor of ~1.5 beyond additional data at low mass 87



CDEF: New Jet Shape Systmatics

« Z+1Jet balancing studies performed Z-Jet Balancing: Jet QG Value
« Poor description of Z-jet balance - SAEREREARE A +
seen in gluon-like jets. a +§:J:§2m. | ;
o MC gluon jets harder than data R S _{_‘H— E
in ET by ~2xJES b _ + -
« MC quark jets well described 0.953{; + 'ﬁ_:*:l.H ;
 Origin of mismodeling +++++
. . . . 0.9 —
still under investigation | S L S I
 Affects jet energies, dijet mass Jet QG Value
spectrum of untagged jets %2 of Data and MC Comparis_onsj_ |
Negligible effect on tagged samples 5
For 2012 results, MC simulation has S

been corrected for this effect

Change to expected or observed
limits far below other systematics

For more information: : ,
o http://www-cdf.fhal.gov/physics/new/hdg/Results_files/results/wzllbb_071911/Diboson _public_6.6fb.htgl Q JES Shift 8 8




Effect of Improved Tagging (WH)

e Significant effort to optimize tagging categories and
thresholds for loose/tight tagging selections

e 11% gain in S/NB means expected limits lower by ~11%.

2011 2012

Tagging S/VB Tagging S/VB
Category Category
SecVtx+SecVtx 0.228 Tight-Tight b2t

Tight-Loose 0.200
SecVix+JetProb 0.160

Single Tight 0.143
SecVtx+Roma 0.103

Loose-Loose 0.053
Single SecVtx 0.146 Single Loose 0.044
Sum 0.331 Sum 0.369
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Z.H Results: Comparison to 2011

CDF Run Il Preliminary (9.45 fb™)

CDF Run I Prellmlnary (9.45 fb™) CDF Run I Prehmmary (9 45 fb)

-
o
(3]
fere

CL Upper Limit/SM

=y
o
il

95%

95%, CL Upper Limit/SM
95% CL Upper Limit/SM

Z’H—> bb
ZH—)ee‘bb ) ”“

- ZH = 1'Tbb ol
——— T 1+ - 100 110 120 130 140 150
100 110 120 130 140 150 100 110 120 130 14ILI 151',I MH (Ge\’/c)

M,, (GeV/c?) M,, (GeV/ch)

CDF Run Il Prellmlnary (7'5fb to 7.9 b CDF Run i Prellmlnary (7 5fb )

CDF Runll Frellmlnary (7 9 fb™

Fre ----Observed

4 wees Expected

(M) 1
T o R ——
+2a

"Z'ZExpect
Observed
1o

-
i=—]
gl

95% CL Upper Limit/SM
95% CL Upper Limit/SM

AHSub-Cham:e!s ZH _) 1,[, LLbb
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Z.H Results: Comparison to 2011

CDF Run Il Preliminary 9.45/fb

- — C.DF Run “. Preliminary 9.'45”1) = [ Top 20 Candidates in S/B
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SEREN RN RN RN EEEEEEEREEEEREREEER
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Improved Discrimination

e ZH Analysis now sifts events into 4 categories

e Non-Z

<05

¢ VV — YR al \
tt expert network |-~ gl =
output _
+ Z+bb F
® EaCh Category >0.5 “\ ; ‘ ’ . 0.sFinaI D?s:zrs*iminantI
" | If+charm expert
then separated network output oy
| >0.5
for ZH >0.5 . | diboson expert network

output

e Resulted in ~10%

improvement over previous discriminant

primarily due to removal of VV from ZH region 9



Improved Discrimination

e ZH Analysis now sifts events into 4 categories

CDF Run Il Preliminary 9.45/fb

All Sub-Channels CDF Run Il Preliminary 9.45/fb

=
% 5 ;itl{:. 5 Al Sub-Channels il
& B
B z+m = ZHI
i 100 | i Z:c'; E - 1 Z+bh
[ | B Z+ee
” 1
I #‘—'{# . 1z
50 | L —J[+ H: 10wz
. . W
) *_'#J[L i fake 7,
0 Ry D
ti expert-NN output CDF Run Il Preliminary 9.45/fb
& T CDF Run Il Preliminary 9.451_11:: _ . .
@ All Sub-Channels = A"_Subcha els 1
_‘(.I_? - -
& I ] data
i - 10 ZHf
50 i ‘i’ I . Z+bb
|| 2
} 10 Z+ce
I tt
0 E 77
] 1mwz
¢ i
W e[ : WW
fake Z
40 b i
1] 21 120) x 50

20 8

i | 0.5
0 05 ZH (120 GeV) Discriminant

Diboson expert-NN output
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WH: Comparison to 2011 Results

* Overall shape comparable to
2011 2-jet bin of WH

CDF Run Il Preliminary 9.4 fb-1

CDF Run Il Preliminary 7.5 fb-1 WH—s Ivbb. All channels combined

WH—: Ivbb 2 jets standard 10°
3 Al S R e SR e e AT
s 10 e P e b e Tt el ot ek e s e e st e B S [77] - Ob d Limit
@ F -~ « - Observed Limit S ey = T damaven. L im
g (N Expected Limit U WO B E [ Expected Limit
S [0 peeudoExperste TTTTTT] [ PseudoExperiis U
- W Pseudo-Exper.+ 2 O " Pseudo-Exper.+ 26
O 5 1| o A S— S W N— T
> 10 I I I I e 10 ]
g g U 3NN O IO
10 Dl e e
L = -] 1 -
Higgs Mass (GeV/c?) 90 100 110 120 130 140 150

Higgs Mass (GeV/c?)
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Comparing Summer 2011 Limits

- __ COF Runll Preliminary, L <tof” & | Do Preiminary, L <9.7f'  — Opsened
S | e Expected ~ CDF o SM Higgs Combination === Expscted
‘E10 |  — Observed .. Exclusion | c 10k [ Expected+1 s.d.
E10 P #10Ex : = : ] o
- +1a Expected : ; : ] E
: *2a Expected ﬁ / = B | | Expected+2 s.d.
5 : : : E B
2 N
o _
o O
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1 1F
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